[1] Cluster fluxgate magnetometer (FGM) and ion spectrometer (CIS) data are employed to analyze magnetic field fluctuations within the plasma sheet during passages through the magnetotail region in the summers of 2001 and 2002 and, in particular, to look for characteristics of magnetohydrodynamic (MHD) turbulence. Power spectral indices determined from power spectral density functions are on average larger than Kolmogorov's theoretical value for fluid turbulence as well as Kraichnan's theoretical value for MHD plasma turbulence. Probability distribution functions of the magnetic fluctuations show a scaling law over a large range of temporal scales with non-Gaussian distributions at small dissipative scales and inertial scales and more Gaussian distribution at large driving scales. Furthermore, a multifractal analysis of the magnetic field components shows scaling behavior in the inertial range of the fluctuations from about 20 s to 13 min for moments through the fifth order. Both the scaling behavior of the probability distribution functions and the multifractal structure function suggest that intermittent turbulence is present within the plasma sheet. The unique multispacecraft aspect and fortuitous spacecraft spacing allow us to examine the turbulent eddy scale sizes. Dynamic autocorrelation and cross correlation analysis of the magnetic field components allow us to determine that eddy scale sizes fit within the plasma sheet. These results suggest that magnetic field turbulence is occurring within the plasma sheet resulting in turbulent energy dissipation.
1. Introduction
Turbulence
[2] There is no standard agreed upon definition of turbulence. However, we tend to think of turbulence as the break-up of fluid/plasma flow into whorls and eddies that continue to break down into smaller eddies. Kolmogorov [1941] first described the break up of whorls and eddies as the cascade of energy from driving scales (convection scales) where energy is put into the system, through inertial scales (eddy break-down scales), to dissipative scales where viscosity takes over (heating on the scale of individual particles). In this study we will define turbulence as random oscillations of flow or magnetic fields set up by instabilities [Kadomtsev, 1965] , and as an eddy-like state of fluid motion where the inertial vortex forces in eddies are larger than the forces that tend to damp eddies out [Leung and Gibson, 2005] .
Turbulence in the Plasma Sheet
[3] Critical to enhancing our understanding of magnetospheric dynamics is improved knowledge of how electromagnetic energy stored in the magnetotail is transferred to plasma energy. Theorists including Borovsky et al. [1997] , Borovsky and Funsten [2003] , Chang [1999] , and Klimas et al. [2000] have proposed a central role for turbulent flows in plasma sheet dynamics, but measurements to characterize spatial and temporal variations independently have not been available to confirm the existence of plasma sheet turbulence and establish its role in energy transport. Initially, Borovsky et al. [1997] applied techniques useful in solar wind analysis to the magnetosphere's plasma sheet and suggested that MHD turbulence is present in the plasma sheet. They quantified the turbulent eddy scale size as %4,000 km to 10,000 km [Borovsky et al., 1997; Neagu et al., 2001] and postulated that velocity shear instabilities drive the turbulent fluctuations. That work employs data from a single spacecraft, which cannot distinguish between spatial and temporal changes.
Identifying Turbulence
[4] The solar wind is turbulent and solar wind turbulence has been identified in various ways. The methods of identi-fication include: Reynolds numbers [Goldstein et al., 1997] , power spectral density spectra in the frequency domain [Coleman, 1968; Goldstein and Roberts, 1999] , rugged invariants [Matthaeus and Goldstein, 1982; Goldstein et al., 1995] , probability density functions of both magnetic and velocity fluctuations [Sorriso-Valvo et al., 1999] , and magnetic field and velocity multifractal analysis [Burlaga and Klein, 1986; Burlaga, 1991a Burlaga, , 1991b Burlaga, , 1991c . Some of these techniques can be applied to the plasma sheet.
[5] Initial work to identify turbulence within the space plasmas focused on the spectral index within the inertial range of the power spectral density fall off in the frequency domain [Coleman, 1968] . The inertial range within power spectra consists of the region bounded by frequencies related to the large-scale driving of the plasma flow, equivalent to the inverse of the convective period in the plasma sheet, and frequencies relevant to the small-scale heating of the plasma, which can be equated with the gyrofrequency of the ions. Turbulence, however, refers to spatial fluctuations generated in a medium by instability. If the Taylor hypothesis applies, there is a close relation between the temporal and spatial fluctuations. The Taylor hypothesis states that frequency w is linearly related to the wave vector k (i.e., w = k Á v, where v is the plasma velocity) and is applicable if the structures within the magnetic field and flow evolve on a timescale longer than the time it takes them to pass the spacecraft.
[6] Kolmogorov [1941] and Kraichnan [1965] assume the validity of the Taylor Hypothesis and predict values of the spectral index in a turbulent medium. Kolmogorov [1941] , who examined neutral fluid turbulence, derived a spectral index of À5/3. Kraichnan [1965] calculated a value of À3/2 for ideal isotropic incompressible MHD turbulence in a conducting fluid. The difference between the two values is related to the number of degrees of freedom in the fluid flow. In both derivations, the rate of energy transfer from the driving scale of the spectra to the heating range of the spectra is assumed to be constant. This fact will be important for differentiating Kolmogorov and Kraichnan type turbulence from intermittent turbulence.
[7] Within the plasma sheet Borovsky et al. [1997] found that the slope of the power spectral density versus frequency for plasma flow velocity and magnetic field varied from À0.8 to À2.0 and À1.6 to À3.0, respectively. Although the ranges of these values include one or both of the theoretical predictions, they do not confirm that turbulence is present within the plasma sheet. The wide range of values could be explained by several different phenomena in the plasma sheet. Borovsky and Funsten [2003] suggest that the range of spectral indices could result from boundary effects or a combination of driving mechanisms each exhibiting different spectral indices. The range of spectral indices could also result from intermittent turbulence, a mechanism that we will discuss further in this study. The fact that various phenomena in the plasma sheet affect spectral indices implies that this tool is not useful for identifying the presence of intermittent turbulence. The situation is different in the solar wind where boundary effects are not a problem and the fluctuations are stationary [Matthaeus and Goldstein, 1982] .
[8] The fact that a spectral index of À2 can arise from intermittent turbulence leads us to investigate further the possibility that plasma sheet fluctuations satisfy conditions for intermittency. Intermittent turbulence is defined as turbulence with a fluctuating rate of energy transfer from the driving scale of the spectra to the heating range of the spectrum. Non-self-similar scaling of probability distribution functions (PDFs) of the fluctuations in the flow or magnetic field can be used to identify intermittent turbulence. Fluctuations of the difference of magnetic field components observed at two locations with large spatial separation will have nearly Gaussian PDFs with a fourth moment, referred to as the kurtosis, of approximately 3. This means that the values at the two locations are unrelated. If intermittent turbulence is present within the flow or magnetic field, then differences between values at smaller spatial separations will have larger kurtoses than for large separations and the kurtosis will systematically decrease with increasingly large separation. A distribution with a kurtosis larger than 3 has a greater probability of large fluctuations in the wings of the distribution than in the wings of a Gaussian distribution. The high probability of large fluctuations in the wings is due to excess energy at the driving scales generating the larger fluctuations. The comparison of the PDFs at a range of spatial separations has been developed for and successfully used to analyze laboratory plasma experiments [Castaing et al., 1990; Naert et al., 1994] .
[9] Sorriso-Valvo et al. [1999, 2001] examined intermittency in MHD flows and magnetic fields by using spacecraft measurements of the solar wind. They demonstrated that PDFs of the flow and magnetic field fluctuations have broader wings, than Gaussian distributions over small spatial scales. The PDFs become more Gaussian for spatial separations much larger than turbulent eddy scales. Based on these facts Sorriso-Valvo et al. concluded that the solar wind is intermittently turbulent. As far as the authors are aware, no one has examined the scaling of the PDF of the flow or the magnetic field fluctuations within the magnetosphere's plasma sheet.
[10] Hnat et al. [2002] also showed intermittency is present in the solar wind magnetic field fluctuations. They demonstrated that these PDFs exhibit approximate monopower scaling law in the inertial range of 46 s to 26 hours using the functional form:
where dB 2 = B 2 (t + t) À B 2 (t), t is the scale size (i.e., the temporal separation over which the magnetic field fluctuation is identified), and s is the constant scaling exponent. Chang et al. [2004] has applied the Hnat et al. [2002] technique to their model of intermittent turbulence fluctuations arising from coexisting nonpropagating spatiotemporal fluctuations and propagating modes in a space plasma. Their results showed the same non-Gaussian shape at small scales and Gaussian shape at larger scales for the unscaled PDFs as observed by Sorriso-Valvo et al. [1999 , 2001 and Hnat et al. [2002] . When Chang et al. [2004] rescale the PDFs they find that PDFs in regions far from the neutral sheet do exhibit a monoscaling law, but PDFs near the neutral sheet do not rescale exactly.
[11] Whereas the kurtosis can show that the PDFs of fluctuations become less Gaussian as the spatial separation of the measurement positions decreases, there is no reason to limit the analysis to the fourth moment of the distributions. Evaluation of the multifractal structure of the fluctuations provides a more robust method for demonstrating anomalous scaling of flow and magnetic field. In fully developed solar wind turbulent regions, Burlaga [1991a] has shown:
where B i (t n ) is the time series composed of data averaged over intervals of duration t n = 2 n Dt (n = 0, 1, 2,. . ..) with Dt the resolution of the time series data and p an integer. The pointed brackets represent averages over the entire interval being analyzed. The procedure is equivalent to obtaining the pth moment of the averaged time series. In a turbulent medium with a constant rate of energy transfer from the driving scales to the dissipation scales, the scaling exponent function, s(p), is linear (i.e., Kolmogorov and Kraichnan type turbulence) and the medium is considered to have self similar scaling properties. If the fluctuations are intermittently turbulent (i.e., the rate of energy transfer fluctuates), then s(p) will be nonlinear and the medium is considered to show anomalous scaling properties [L'vov and Procaccia, 1998 ]. Solar wind studies of the flow velocity and the magnetic field have found anomalous scaling. For the flow s(p) is a quadratic function [Burlaga, 1991b [Burlaga, , 1991c and for the magnetic field it is a cubic function [Burlaga, 1992] . Recent work by Lui [2001 Lui [ , 2002 and Vörös et al. [2003] has found anomalous scaling properties in the plasma sheet at kinetic scales. Lui [2001] examined the multifractal nature of substorm-associated magnetic turbulence in the magnetotail using a method similar to that indicated with equation (2). He reported scaling exponents with nonlinear dependence for orders of moments from À5 to 5 (similar to the Burlaga studies in the solar wind) associated with magnetic field line fluctuations and he showed that the nonlinearity depends on the distance from the neutral sheet. Lui [2001] quantifies the degree of intermittency observed by calculating the intermittency coefficient and determines values from 0.18 to 0.42. The intermittency coefficient is a measure of the nonlinearity in the scaling exponential function [Antonia et al., 1982; Consolini et al., 1996] . Within the solar wind flow data Burlaga [1991a Burlaga [ , 1993 determined intermittency coefficient values of 0.19 ± 0.02 and 0.28 ± 0.27.
[12] Vörös et al. [2003] demonstrated that the magnetic field fluctuations in the plasma sheet have multiscale features using an algorithm that quantified intermittence on the basis of statistical distributions.
[13] All previous studies of space plasma turbulence used data from a single spacecraft. If the Taylor hypothesis is valid, a single spacecraft can probe the spatial structure of the system that can be regarded as effectively unchanging during a transport interval. Plasma sheet studies have implicitly assumed the Taylor hypothesis, even though it is not normally applicable because the flow speeds rarely exceed the Alfvén speed. The advent of Cluster II, a four spacecraft mission, provides a new tool that allows us to measure the magnetic field simultaneously at spatially separated locations. In this study we take advantage of the high time resolution and multispacecraft capability of Cluster II to further investigate the turbulence in the plasma sheet, applying the techniques discussed above to show quantitatively that intermittent turbulence is present within the magnetosphere's plasma sheet.
Instrumentation
[14] The Cluster mission, supported jointly by the European Space Agency (ESA) and NASA, consists of four identical spinning spacecraft (spin period of 4 s) closely spaced in orbits with a perigee of 4 R E , an apogee of about 19.6 R E . The spacecraft were launched in the summer of 2000. In the summers of 2001 and 2002, the apogee of the orbit was in the magnetotail and near apogee the four spacecraft spanned a nearly regular tetrahedron with interspacecraft spacings of approximately 1,000 km in 2001 and about 5,000 km in 2002. Between late July and early November in both 2001 and 2002 the orbits provided a full season of plasma sheet crossings. Cluster spends from about 6 hours to 12 hours within the plasma sheet on each orbit, which makes it ideal for plasma sheet studies. At this time we have identified some 67 plasma sheet crossings on which there were no data gaps.
[15] Each Cluster spacecraft carries a boom mounted triaxial fluxgate magnetometer 5.2 m from the craft [Balogh et al., 1997] . Magnetic field vectors are sampled at a rate of 201.75 vectors s
À1
, and either 22 Hz data (nominal mode) or 67 Hz data (burst mode) are transmitted to Earth. Both preflight and in-flight calibration of the two magnetometers has been performed to produce carefully calibrated (and intercalibrated) data that minimize errors in the magnetic field measurements.
[16] There are two plasma detectors, the Cluster ion spectrometers (CISs), on each spacecraft [Rème et al., 1997] . They are the hot ion analyzer, which is an asymmetric quadrispherical electrostatic analyzer, and the time-of-flight composition and distribution function detector. CIS records a three-dimensional ion distribution with a mass resolution (M/DM) of 4 between 1 amu and 32 amu. This instrument will play a key role in identifying periods when Cluster enters the plasma sheet, which is characterized by high electron and ion temperatures as well as significant H + , He + , and O + populations. CIS will be used here to provide fundamental plasma parameters such as density, velocity vectors, pressure tensor, and heat flux.
[17] Absolute errors in most of the measure values are not critical for this study except for the uncertainty associated with the flow. The flow components in the spin plane (normal to the ecliptic) are better determined than the component along the spin axis. Along the spin axis the mean flow is assumed to be zero, but there are systematic errors from slight errors in the calibration. The uncertainty in the component along the spin axis based on these systematic errors is about ±15 km s
.
Observations
[18] Observations from magnetotail seasons show that when the spacecraft are in the current sheet, the magnetic field, flow, and current density fluctuate rapidly over timescales of seconds to tens of minutes. Data from the Cluster multispacecraft mission provide the first opportunity to examine both spatial and temporal variations associated with turbulence and thereby to develop insight into the structure of fields and flows. This work will examine plasma sheet fluctuations on four passes, three from the 2001 season and one from the 2002 season. We analyze the fluctuations using two techniques that have previously been applied to the solar wind and find evidence for turbulence in all four events. The first approach is the scaling of the probability distribution functions of magnetic field fluctuations, a technique used by Sorriso-Valvo et al. [1999] , and the second approach is a multifractal method used by Burlaga [1991a Burlaga [ , 1991b Burlaga [ , 1991c .
August 15, 2001
[19] Figure 1 displays the magnetic field data from Cluster spacecraft 1 for the plasma sheet crossing on August 15, 2001. The plasma sheet crossing lasts from 0130 UT to 1330 UT. The interspacecraft spacing during this event is approximately 1,000 km at apogee. In first panel it is evident that the crossing from the northern lobe to the southern lobe occurred at about 0900 UT when B x reversed sign. The lower three panels (B 1 , B 2 , and B 3 ) are the components of the magnetic field in a field-aligned coordinate system determined at the midpoint of an 80-min average. The B 1 component is along the average magnetic field. The B 2 component is the magnetic field in the direction perpendicular to B 1 and to the radial direction from Earth (approximately the azimuthal direction in the equatorial plane) and the B 3 is the third component of the right hand coordinate system (approximately radial in the equatorial plane). In this system the compressional and transverse fluctuations in the magnetic field are readily identified. The time series data have been divided into five different regions: the northern lobe (NLobe), northern plasma sheet (NPS), central plasma sheet (CPS), southern plasma sheet (SPS), and the southern lobe (SLobe). The start and end of the plasma sheet crossing have been identified with both the magnetometer data and the CIS [Rème et al., 1997] density and ion temperature data.
[20] The plasma sheet is defined as the region in the magnetotail where the plasma density and temperature significantly increase above the lobe values and is the region where the B x component reverses from earthward to antiearthward. The CPS is arbitrarily defined as the region where B x GSM is between À10 nT and 10 nT. The strongest fluctuations generally occur for this crossing within the CPS from 0754 UT to 1013 UT. Figure 2 displays a 1-hour period during the August 15 plasma sheet crossing and shows in detail the moderate and strong fluctuations recorded by all four spacecraft in the NPS and CPS regions. In contrast, magnetic field fluctuations are small or absent within the lobe in Figure 1 . Indicated with the dark gray vertical lines in Figure 1 are the times of three substorm onsets. The substorms occur at about 0130 UT and 0434 UT when Cluster is in the NPS, at 0751 UT when Cluster is just entering the CPS, and at 1534 UT when Cluster is deep in the SLobe. These substorms are thoroughly discussed in several other studies [McPherron et al., 2002 
August 21, 2002
[21] Figure 3 is the magnetic field data for the Cluster 1 spacecraft during August 21, 2002, magnetotail crossing. The plasma sheet crossing lasts from 0040 UT to 1200 UT. The strongest fluctuations occur from about 0745 UT to 0900 UT. Note that magnetic field fluctuations are weak within the lobes. The spacecraft spacing is approximately 5,000 km at apogee and they cross the plasma sheet at about 0100 MLT. During this event, AE did not exceed 1,500 nT and had a mean value of about 650 nT and the average Kp is 5, but substorm onset times have not been established.
3.3. September 12, 2001, and September 22, 2001 [22] Two additional events analyzed in this study are those on September 12, 2001, and September 22, 2001 (see Figures 4 and 5) . Figure 4 shows the plasma sheet crossing on September 12, which occurs at approximately 2330 MLT from 1004 UT to 2150 UT. AE did not exceed 800 nT and had a mean value of 210 nT and Kp increased from 0 to 4 with an average of about 2. The strongest fluctuations occur during the CPS crossing. As the spacecraft cross the plasma sheet, three substorms take place at 1304 UT, 1810 UT, and 1942 UT. Cluster is in the CPS for the first substorm and in the SPS for the other two substorms.
[23] During the September 22 event the Cluster spacecraft cross the plasma sheet at approximately 2300 MLT from 0040 UT to 0742 UT. AE did not exceed 250 nT and had a mean value of 82 nT and Kp was about 1+. Note that the fluctuations are not as large or as frequent during this event as in the August 15, 2001, and the September 12, 2001, events. As the spacecraft cross the plasma sheet, three substorms take place at 0640 UT, 0746 UT, and 1101 UT. Cluster is in the SPS for the first substorm and in the SLobe for the other three substorms. A summary of this study's four events is displayed in Table 1 .
Analysis
[24] In sections 4.1 to 4.4, we apply analysis techniques that have previously been used in studies of the solar wind and/or the Earth's plasma sheet to the time series data from just one of the Cluster spacecraft. The relevance of such techniques relies on the validity of the assumption that temporal fluctuations are directly representative of spatial fluctuations. In section 4.5, we use all four Cluster spacecraft to compare dynamic autocorrelations of the time series data with dynamic cross correlations of the data from pairs of spacecraft. The similarity of the correlations supports the view that temporal fluctuations are representative of spatial fluctuations, but dynamic cross correlations of the time series data can never truly separate spatial fluctuations from temporal fluctuations.
Power Spectral Density Indices
[25] The theoretical works of Kolmogorov [1941] and Kraichnan [1965] predict power spectral indices for fluid turbulence (À5/3) and MHD plasma turbulence (À3/2). In The lower three panels are the magnetic field components in a field-aligned coordinate system. The plasma sheet crossing has been divided into five parts that are labeled at the top of the figure: the northern lobe (NLobe), the northern plasma sheet (NPS), the central plasma sheet (CPS), the southern plasma sheet (SPS), and the southern lobe (SLobe). The dark gray vertical lines mark three substorm onsets observed during the plasma sheet crossing.
determining a power spectral index from plasma sheet data, one needs first to identify the range of frequencies that correspond to the inertial range. Borovsky et al. [1997] use measured flow speeds to circumvent the assumption of the validity of the Taylor Hypothesis in the plasma sheet. They identify the inertial range as 5 Â 10 À6 Hz to 0.1 Hz. The upper bound of the inertial range is based on the gyroperiod of a proton, which is about 10 s within the plasma sheet, and defines the dissipation end of the inertial range. The lower bound or driving frequency boundary is based on an estimate of the convection period of the plasma within the plasma sheet assuming a rough circumference of a plasma sheet convection cell (40 R E ) and a mean speed (75 km s À1 ), which corresponds to a period of about 5 hours. Borovsky et al. [1997] use breakpoints in the power spectra at 1.3 mHz and 42 mHz to further constrain the range of frequencies from which the spectral index is determined.
[26] As a first step in this study, we compare properties of power spectral density in different parts of the plasma sheet with the results of Borovsky et al. [1997] . The comparison of results is of interest even though we recognize that the spectral indices cannot by themselves demonstrate the presence of turbulence. We assume that the Taylor hypothesis is applicable even though this assumption is almost certainly not valid within the sub-Alfvénic plasma sheet flows. We use 0.2 s data but we limit comparison with the Borovsky et al. results to the frequencies reported in that study. We find that the average breakpoints in our power spectral density plots are about at 2.1 mHz (about the same as Borovsky et al. [1997] ) and at 0.1 Hz (nearly more than double the frequency reported by Borovsky et al. [1997] ). We determine the power spectral index separately for each component (B 1 , B 2 , and B 3 ) in field-aligned coordinates and for each plasma sheet region in the four different cases. The field-aligned coordinate system is used to differentiate the longitudinal and transverse fluctuations.
In cases with spectral peaks, we find the slope excluding the spectral peak of the power spectral density plots. Figure 6 shows an example of the power spectra and our fit to the spectral index within the frequency range of interest.
[27] From the 36 spectral indices determined (three magnetic components times three plasma sheet regions times four events examined in this work) a histogram is constructed (see Figure 7 ). There is a peak at a spectral index of À2.0 and possibly a secondary peak at about À1.6. This distribution suggests that neither Kolmogorov nor Kraichnan type turbulence, both of which require constant energy transfer rates from the driving range to the dissipation range, are present. The most probable index is consistent with the presence of intermittent turbulence in the plasma sheet even though this is not the only possible explanation [Borovsky and Funsten, 2003 ]. The range and average for each component separately are tabulated and compared with the Borovsky et al. [1997] results in Table 2 . The results in Table 2 show that the findings of this study are quite similar to those of Borovsky et al. [1997] . These values, within the uncertainty, are equal, but if we may roughly equate B 1 of our study with B x from the Borovsky et al. study, the parallel longitudinal component does not [1997] .
[28] Average spectral indices determined using data from all three plasma sheet regions for the individual plasma sheet crossing are: August 15: À1.94; September 12: À2.22; September 22: À1.98; August 21: À2.08, with a mean of À2.06 ± 0.12. We have not found any clear correlations between the spectral indices and conditions in either the local plasma sheet plasma or the solar wind, although the largest negative exponent applies to September 12, 2001, which was a geomagnetically quiet day. Only when the data from the four days are binned separately for component of the magnetic field in different plasma sheet regions is one interesting difference noticeable. The average spectral index for each component is approximately À2 within the standard deviation, except for the B 2 component of the CPS region whose spectral index is À1.56 ± 0.04. This value appears to produce the secondary peak in Figure 7 .
[29] The lobe regions are generally believed to be nonturbulent. For the lobe (not included within the histogram) we find that À2.2 is the mean spectral index for all components and all events. The physical significance of a spectral index equal to À2.2 is not evident, but this value appears to be associated with random fluctuations. In the next section we will show that a PDF of the lobe fluctuations is approximately Gaussian, consistent with random lobe fluctuations.
Probability Density Functions
[30] Intermittency of magnetic turbulence can be inferred from a non-Gaussian scaling of PDFs of the magnetic field fluctuations over time periods corresponding to frequencies that fall between the dissipation and inertial range. We use the symbol t* to represent the time that separates two observations of a field component, and note that this t* is different from the averaging time t introduced in equation (2). We have calculated the magnetic fluctuations using the function:
where B i (t) is a component of the magnetic field at time t in the GSM coordinate system and B i (t + t*) its value at time t* later [Sorriso-Valvo et al., 1999] . Before calculating the normalized fluctuations, a running average of 1,000 s has been removed from the magnetic field time series. The purpose of removing the running average is to eliminate fluctuations in the magnetic field associated with longer period fluctuations such as those associated with the passage of shocks, solar wind dynamic pressure pulses, substorms, etc. The denominator in equation (3) normalizes the fluctuations. This normalization implies that the standard deviation is 1 and the mean is close to 0. Physically, the values of t* correspond to spatial lengths determined by the plasma speed. Small values of t* (t* < 10 s) relate to distances on the scale of the ion gyroradius and large values of t* (t* > 900 s) are associated with physical dimensions on the order of the driving scale of the plasma. Intermediate values of t* correspond to the scale size of turbulent eddies. , case will not be examined since both the magnetic field data and plasma data show that this portion of the time series contains lobe plasma and short excursion by the Cluster spacecraft into the plasma sheet. Figures 8 -11 show that the PDFs of the fluctuations in the plasma sheet favor larger fluctuations than a Gaussian distribution for small values of t* and become more Gaussian for large values of t*. A Gaussian fit to each PDF is shown as the black dashed curve in the figures. [31] In general, the individual PDFs of the normalized magnetic field fluctuations display a symmetric distribution. In some cases, however, the distribution is asymmetric and/ or has minor peaks in the wings, for example, see the lower three PDFs of the Slobe in the September 22, 2001, event (Figure 11) . Simulations of the distributions suggest that the asymmetry and sub peaks are due to regions of magnetic fluctuations with a mean other than zero. Within the time series data these sub peaks are related to ''steps'' occurring within the magnetic field.
[32] Analysis of the scaling behavior (or variation of the properties of the PDF with the time interval t* used to determine the fluctuations of the magnetic field) has been carried out for fluctuations in the solar wind [Sorriso-Valvo et al., 1999 , 2001 Carbone et al., 2002] . The kurtosis or fourth moment of the PDFs of Figures 8 -11 allows us to demonstrate that systematic variations as a function of t* apply to the plasma sheet as well as the solar wind. The first three moments differ little among the distributions of interest. The normalization of the fluctuations, given in equation (3), forces the distributions to have a mean and standard deviation of approximately 0 and 1, respectively. The third moment of the distribution, the skewness, characterizes the degree of asymmetry of the distribution and is close to zero except for one case when it is 0.5. The number in the upper right corner of each subplot of Figures 8 -11 gives the kurtosis of the distribution. Larger values of the kurtosis arise when there the wings of the PDF fall off slowly and the central peak is sharp, implying a higher likelihood of large magnetic fluctuations. Random magnetic fluctuations produce approximately Gaussian distributions for which the kurtosis is 3. On all days, the kurtosis within the plasma sheet decreases from a value >10 in the dissipative range to a value just above 3 in the driving range. The kurtosis is the largest in the NPS for the August 15, 2001 , and in the CPS region for the August 21, 2002, case and remains large even for the largest values of t that we examine. The kurtosis remains less than 6.3 in the lobe regions for the events plotted in Figures 8, 9 , 10, and 11 and is generally close to 3, which suggests that the lobe fluctuations are not turbulent, as one might expect. The largest values are found within the dissipative range (t* < 10 s) and values closer to 3 occur within the driving range (t* ) 400 s). The black dotted line at 3 represents the kurtosis of a Gaussian distribution. Note that the kurtosis in the southern lobes never exceeds 6 and generally remains close to 4. The decrease of the kurtosis with increasing t* is clearly present in the other cases and is illustrated by the trend of the kurtosis values plotted for all the regimes of the tail (Figure 12 ). Sorriso-Valvo et al. [1999] show very similar behavior in their PDFs, but they do not give the kurtosis associated with each distribution, which makes a quantitative comparison difficult.
Probability Density Functions Rescaled
[34] Intermittency of magnetic turbulence can also be inferred from a non-Gaussian rescaling of the PDFs. PDFs that satisfy the scaling relation given in equation (1) can be collapsed onto a single master curve. Hnat et al. [2002] showed that such a collapse was possible for magnetic fluctuations in the solar wind. Collapse onto a single master curve suggests that the fluctuations are monofractal. In the event that the PDFs do not follow a monoscaling law and are multifractal, Hnat et al. [2002] demonstrates that the PDFs do not collapse to a single master curve, but instead display peaks with the nearly same height and wings of varying height that systematically change with the scale size. Figure 5 in the Hnat et al. [2002] study shows an example of this behavior.
[35] The top row in Figure 13 displays the unscaled PDFs of the fluctuations in the square of the B x component of the magnetic field for four magnetotail regions observed during the August 15, 2001, plasma sheet crossing. The color indicates the temporal scale size and is described at the top of the figure. The bottom row displays the rescaled PDFs using the monoscaling factor determined for each region from log-log plots of P(0, t) versus t. The monoscaling power for each region varied from about 0.6 in the CPS region to 0.3 in the SLobe region (PDFs not shown); however, we note that no single monoscaling factor applied over the entire inertial range. In many cases several different scaling regions were clear in the log-log plot of P(0, t) versus t. The fact that several different scaling factors can be obtained in one plasma sheet region suggests that the fluctuations are not monofractal. This is confirmed by highly variable heights of the wings and peaks of the different PDFs. That is to say, the PDFs do not rescale to a single master curve. Similar results are found for the August 21, September 12, and September 22 cases.
Multifractal Analysis
[36] The PDFs of the magnetic field fluctuations are not self similar across the range of scale sizes that we have considered. This suggests that the fluctuations can be described with a multifractal scaling law associated with intermittent turbulence. The purpose of multifractal analysis is to demonstrate the existence of a hierarchy of scaling indices. For developed turbulence a scaling law (similar to equation (2)) should hold for a ''positive stationary measure'' defined from the data set. The term stationary means that the measure is statistically invariant under translation in time t [Meneveau and Sreenivasan, 1991; Consolini et al., 1996] . In order to compare our results with those of Lui [2001] , who also examined magnetic field fluctuations in the plasma sheet, we employ his positive stationary measure for the jth component of B
where, as before, Dt is the time resolution of the measurements. This positive time series is normalized by the total duration of the data T and by the mean e:
According to Paladin and Vulpiani [1987] and Consolini et al. [1996] , a multifractal measure is characterized by the scaling features of its coarse-grained weight over an interval t: The fluctuations are shown to be multifractal by examining the anomalous scaling of the partition function, G( p, t), over some range of t where
where s(p) is the scaling exponential and N is the number of segments of length t in the data.
[37] To determine if equation (7) holds, the partition function is calculated using the times series data for the B 1 magnetic field component for successive t intervals (t as used in equation (6), not to be confused with t* used in the PDF section) and for a range of moment orders p. Figure 14 in the top panel is a plot of log (G(p, t)) versus log(t) for four different p values calculated using the B 1 component observed in the NPS region on August 15, 2001. The log(G(p, t)) values for p = 2, 3, and 4 have been shifted up to clearly show the linear trend in the data between log(t) of 1.2 to 1.9 and to show the variability of the slope s(p), which is indicative of multifractal scaling symmetry. Structure function plots for other values of p from À5 to 5 (not shown) also display a similar linear trend in the same range. The inertial range in the top panel of Figure 14 is indicated in orange and corresponds to log(t) of 1.0 to 3.8, which is the range discussed in the section on power spectral density indices.
[38] The lower panel of Figure 14 is a plot of the scaling exponential s(p) (i.e., slope of the linear portion in the top panel) versus p. Kolmogorov [1941] and Kraichnan [1965] find that for fully developed turbulence the energy transfer from the driving range to the dissipative range is constant and s(p) is linearly related to p. In intermittent turbulence the energy transfer from the driving scales to the dissipative scales fluctuates. In the fluctuating energy transfer case, s( p) is nonlinearly related to p as a consequence of multiscaling of the ensemble averages. The lower panel of Figure 14 shows that s(p) varies nonlinearly with p for the range of p from -5 to 5. Error bars are plotted for each moment, but are generally too small to see for moments between À5 and 4. The error bars were determined from least squares fits to the structure functions, the method used by Horbury and Balogh [2004] . Error bars for the structure function (not shown) are determined by propagating the error associated with the magnetic field values. The curve in the bottom panel is very similar to the curves shown in Figures 2, 4 , and 6 of Lui 
at p = 0. Note that using the method defined in Lui [2001] we rely only on the first few moments to determine the intermittency coefficient and do not need to determine the reliability of the higher moments [Horbury and Balogh, 2004] . Using the same method, the intermittency coefficient for the lower panel of Figure 14 is determined to be 0.057 ± 0.005. This value is smaller than the intermittency coefficient determined by Lui [2001] . The scaling exponential functions for the lobe and plasma sheet regions for all cases are shown in Figure 15 . The purpose of this figure is to provide a qualitative comparison between the turbulent plasma sheet and the nonturbulent lobe as well as to compare the different events. The format of Figure 15 is the same as in lower panel of Figure 14 . The black curves represent the s(p) values and errors bars are plotted but not visible. If the lobe region is not turbulent, then scale invariance applies, which implies a linear relationship between s(p) and p. The curves in the lobe regions (top and bottom rows) in Figure 15 , when plotted on the same scale as Figure 14 are nearly linear. This suggests the lobe magnetic field is monofractal as we expect. On the other hand, the curves in all the plasma sheet regions shown in Figure 15 are at least somewhat nonlinear.
[39] Table 3 contains the intermittency coefficients calculated for each magnetotail region using the B 1 component of the magnetic field. Values of zero are consistent with nonturbulent fluctuations whereas values on the order of 0.2 to 0.4 indicate that the regions are intermittently turbulent [Burlaga, 1993; Consolini et al., 1996] . Events in the table are arranged by the AE activity as noted at the top of the column. In each event the largest intermittency coefficient values occur in the CPS region. The largest intermittency coefficient values found in the SPS and NPS regions were calculated using observations from the most active day, September 12, 2001. In all the lobe regions a small coefficient value is determined. Notice that both the kurtoses determined in the southern lobe and northern lobe regions (the dark dashed gray and the light dashed gray curves, respectively) remain close to $4 while the kurtoses for the plasma sheet regions are substantially higher for small values of t.
values exist for the other two components of the magnetic field in this coordinate system.
Autocorrelation and Cross Correlation
[40] In the previous sections we have analyzed the time series from a single spacecraft and found evidence that intermittent turbulence is present within the plasma sheet magnetic field. The underlying assumption of the analysis is that temporal fluctuations are equivalent to spatial fluctuations. In this section, we provide support for that assumption by comparing (temporal) autocorrelations with (spatiotemporal) cross correlations of the magnetic field. We use the results to determine the scale size of the turbulent eddies in the magnetic field.
[41] Autocorrelation, A g , is defined as:
where hgi is the average value of g(t) in a data interval and t is the discrete time shift in seconds. The magnetic field will be correlated with itself within a turbulent eddy and uncorrelated outside the eddy. The temporal scale size of the turbulent eddies is defined as the point at which the autocorrelation coefficient drops to 1/e (i.e., %0.37). This conservative definition of the eddy scale size is the same one adopted by Borovsky et al. [1997] , which makes a comparison between the studies easier.
[42] Figure 16 shows plots of the autocorrelation coefficients of the three components of the magnetic field and their magnitude for the CPS region on August 15, 2001, at discrete time shifts, t, of 1 s to 500 s. Note that periods of 5,000 s and longer were filtered out in order to remove long period fluctuations such as dipolarization fluctuations associated with substorms. The 1/e cutoff time, t 1/e , indicated with the dashed line, in the B x component is 116 s,for the B y component it is 68 s, and for the B z component it is 48 s. The three 1/e cutoff times are distinctly different suggesting that the eddy's shape may be oblong extended along the tail. gives the 1/e cutoff time for all components in all regions and in all regions for all four events. The t 1/e times range from 0.75 min to 46 min for four different events during quiet, moderate, and active conditions. Borovsky et al.
[1997] determined t 1/e times of 6 min to 25 min. The mean cutoff time determined from all four events in all three plasma sheet regions for all magnetic field components is about 900 s.
[43] The autocorrelation function allows us to identify the average time for an eddy to pass by the spacecraft. Possibly of greater interest is to demonstrate the dynamic nature of turbulent eddies passing the spacecraft. A dynamic autocorrelation allows us to identify the changing scale size of eddies by examining portions of the time series data. Figure 17 shows the dynamic nature of the autocorrelation for August 15, 2001, from about 0400 UT to 1000 UT (part of the NPS and the CPS) in all three components of the field in the GSM coordinate system. To create the top three plots periods longer than 5000 s have been filtered out and an autocorrelation of the magnetic field time series is done over segments with time durations of 1000s in length. The 1/e cutoff time corresponds approximately to the boundary between the orange and the yellow on the color scale. The 1/e cutoff time is more clearly shown in the fifth panel and it varies with time, which suggests that the eddy scale sizes can change significantly. The sixth panel gives the estimated plasma sheet thickness (blue curve) as determined by Thompson et al. [2003] . The thickness was determined through thermal and magnetic field pressure balance and a model of the plasma sheet structure related to the Harris neutral sheet.
[44] It is of interest to determine whether the inferred plasma sheet thickness is sufficiently large that the estimated spatial dimensions of the turbulent eddies fit within the plasma sheet. With the cutoff time and the flow speed of the plasma determined by the CIS instrument on Cluster (shown in the fourth panel of Figure 17 ) the turbulent eddy scale size can be estimated as L eddy = vÁt 1/e . The eddy scale size is plotted as the black curve in the sixth panel. The eddy scale size is smaller than the estimated size of the plasma sheet except during two 8 s periods observed at about 0525 UT. The data indicate that the eddy scale size decreases on average when the plasma sheet thickness decreases. An example of this decrease is shown just before the time of the substorm onset that occurred at 0751 UT. The mean cutoff time determined from data plotted in panel 5 is about 230 s and the mean eddy scale size in the z direction is about 6,000 km, which is similar to the average eddy scale sizes of 10,000 km and 4,000 km determined by Borovsky et al. [1997] short interval here is most likely smaller than the average cutoff time determined for all events and components because the level of geomagnetic activity was relatively high in the time interval of Figure 17 .
[45] The different Cluster spacecraft spacings of 1,000 km in 2001 and 5,000 km in 2002 allow us to confirm our estimates of the turbulent eddy scale size. Table 4 shows the range of cutoff times. Typical plasma sheet flow speeds are about 30 km s À1 [Angelopoulos et al., 1999] . From this information we get a range of eddy sizes in this study from about 0.3 R E to $10 R E , where the largest dimension are in general along the x and y axes. In the few cases where the eddy dimension is large along the z direction Figure 17 shows that very thick plasma sheets are possible [Thompson et al., 2003] and our eddies normally fit within the plasma sheet. This range of eddy sizes suggests that although the spacing of the Cluster spacecraft in 2001 was smaller than the smallest eddy sizes we have estimated, the spacing in 2002 was larger than that of the smallest eddies.
[46] Figure 18 compares the dynamic autocorrelation coefficient of B z measured on Cluster 1 (see Figure 17) with the three dynamic cross correlation coefficients of B z for Cluster 1 and 2, Cluster 1 and 3, and Cluster 1 and 4 during the August 15, 2001, plasma sheet crossing. During this interval the spacecraft spacing was about 1,000 km, and Figure 18 shows little or no difference among the four panels. This observation is consistent with the conclusion that temporal and spatial fluctuations have very similar properties and with the additional conclusion that the turbulent eddy scale sizes are larger than the interspacecraft spacing. Figure 15 . Shown is the nonlinearity of the scaling exponential functions for the B 1 component of the NPS, CPS, and SPS regions (middle 12 panels) for Cluster 1 on August 15, 2001. These panels have the same format as the lower panel of Figure 14 . The scaling exponential functions for the NLobe and SLobe regions (top and bottom rows) show that the scaling exponentials are linear, which means they are monofractal in nature, as we would expect in the lobe regions of magnetosphere. [47] Figure 19 , which has the same format as Figure 18 , displays the dynamic autocorrelation and dynamic cross correlation data for the B z component in the CPS crossing on August 21, 2002, when the spacecraft spacing was roughly 5,000 km. This spacing is comparable with the minimum estimated size of the turbulent eddies. The dynamic cross correlation does include intervals during when there are differences in the cross correlations between Figure 16 . These four panels show the autocorrelation coefficient versus the discrete time shift t of the data for the magnetic field components and the field magnitude observed in the CPS region between 0754 UT and 1013 UT on August 15, 2001. The dashed line indicates the 1/e autocorrelation cutoff. The 1/e autocorrelation cutoff time is given in each panel. the spacecraft pairs. An example of such dissimilarity from 0500 UT to 0600 UT in Figure 19 where the correlation cutoff times are shorter in the dynamic cross correlation plot for Cluster 1 and 2 than in the plots for spacecraft pairs 1 and 4 and 1 and 3. We conclude that differences in the dynamic cross correlation plots for the various spacecraft pairs occur when the spacecraft spacing exceeds the turbulent eddy scale sizes.
Discussion
[48] The Cluster spacecraft observed magnetic field fluctuations in four different plasma sheet crossing events during geomagnetic conditions that ranged from quiet to active. Table 1 summarizes Cluster's position and the geomagnetic activity associated with the four events.
PSD Spectral Indices
[49] In section 4, we applied various approaches to test whether fluctuations in the magnetotail are consistent with the properties of turbulent plasma. First we examined the power spectral index of the fluctuations. Power spectral indices determined in the inertial range for cases for all magnetic field components in each of the three different plasma sheet regions varied from À1.5 to À3.1 with a mean of about À2.0. This mean is larger than the theoretical values of À1.67 for Kolmogorov fluid turbulence [Kolmogorov, 1941] and À1.5 for Kraichnan MHD plasma turbulence [Kraichnan, 1965] . However, the values determined in this study are similar to those of calculated in Borovsky et al. [1997] : À1.6 to À3.0. Although these values are consistent with earlier studies, they do not convincingly demonstrate that turbulence is present in the plasma sheet.
[50] Spectral indices near À2 have also been found in studies of the solar wind [Burlaga, 1991b] . Burlaga and Mish [1987] and Roberts and Goldstein [1987] have argued that the À2 spectral index found in the solar wind may arise if coherent power is present in large-amplitude low-frequency fluctuations. These large-amplitude lowfrequency fluctuations are related to shocks evolving in the solar wind. Roberts and Goldstein [1987] demonstrate when the large-amplitude fluctuations are removed, then the spectral index increases to approximately À5/3. We think that this interpretation does not apply to the fluctuations in the plasma sheet where large-amplitude shocks or equivalent perturbations are not present. However, Chang et al. [2004] , who model intermittent magnetic turbulent fluctuations in the plasma sheet region, also obtained a spectral index of À2. Their model produces intermittent fluctuations through coexisting nonpropagating spatiotemporal fluctuations and propagating modes. If the nonpropagating spatiotemporal fluctuations are related to large-scale fluctuations such as flapping of the magnetotail, then this may be a source of coherent power in large-amplitude low-frequency fluctuations similar to those referred to by Burlaga and Mish [1987] and Roberts and Goldstein [1987] . This suggests that the nonpropagating fluctuations are the source of the À2 spectral index. It would be of interest to examine the spectral index for each of the separate modes in the Chang et al. [2004] model to determine if the spectral index of À2 is dominated by one Figure 18 . The top panel is the dynamic autocorrelation for the B z component of Cluster 1 on the August 15, 2001, in the NPS and CPS. The lower three panels are cross correlation coefficients between B z from Cluster 1 and B z from the other three spacecraft. The format of the panels is the same as for the upper three panels in Figure 15 . The spacing between the spacecraft is about 1000 km within the CPS, which is generally smaller than the turbulent eddy scale size. As a result, the dynamic autocorrelation and cross correlation panels look nearly identical. See color version of this figure at back of this issue. component of the fluctuations or requires the combination of both.
[51] In subcategories based on regions, events, components, plasma sheet plasma characteristics, solar wind characteristics, and AE, the average spectral indices were consistent with À2 within the standard deviation. When the spectral indices are subdivided into components and plasma sheet regions, the average spectral index is again about À2 within the standard deviation for the B 1 and B 3 component, but À1.56 ± 0.04 for the B 2 component. The B 2 component has the smallest spectral index for the NPS and SPS regions as well, but the standard deviations associated with these values are large and the values become nearly indistinguishable from the other two components. The B 1 and B 3 spectral indices of the CPS are most likely larger than the B 2 index due to tail flapping and surface waves. These phenomena introduce additional power into the other two magnetic components, which results in a more negative spectral index. The B 2 component is not dramatically affected by tail flapping and surface waves and little additional power is added to those fluctuations. Thus its value (close to À1.5 representative of pure MHD turbulence) is of particularly interesting.
[52] We also obtained an average spectral index near À2 (representative of random fluctuations) in power spectra of the lobe regions. In some of the events there is reason to believe that the spacecraft repeatedly dipped into the plasma sheet during intervals in the nominal lobe region (see for example the Slobe region in Figure 5 ), the spectral index of the lobe region may not have been accurately assessed in those cases so we will not offer any further interpretation.
PDFs of Magnetic Field Fluctuations
[53] Next we looked at the PDFs of temporal fluctuations at different time separations. We found that at the longest Figure 19 . The format of the panels is the same as in Figure 18 . Data were acquired within the CPS, and the interspacecraft separation was about 5,000 km, which is close to the turbulent eddy scale size. As a result, the dynamic autocorrelation and cross correlation panels show dissimilarities. For example, the cross correlation between C1 and C3 (third panel) is visibly different from the autocorrelation panel (top panel) at about 0500 UT. See color version of this figure at back of this issue.
temporal separations considered (900 s), the distribution functions became approximately Gaussian in most cases. At shorter time separations the distribution functions differed from Gaussian distributions with large fluctuations relatively more probable at short time separations. We quantified the spread of the distribution functions by examining the fourth moment of the distribution functions, the kurtosis. At short time separations, the kurtosis was )3, but in most regions, with increasing time separations the kurtosis approached 3, the value for a Gaussian distribution. For crossings on August 15 and August 21 the kurtosis in the CPS remained high at the largest values of the time separation.
[54] We would expect the kurtosis to decrease to 3 when t* becomes large enough that a typical eddy moves past the spacecraft in a time shorter than t*. It is possible that for the two cases in which the kurtosis remained high after 900 s the turbulent eddies within the CPS filled such a large region of space that the spacecraft did not leave the eddy within 900 s. The second possibility is that because geomagnetic activity was high during these two events, the fluctuations were exceptionally large and lasted long, when compared with the 900 s timescale. In fact, during the CPS crossing on August 15, 2001, a substorm was in progress during most of the crossing.
[55] Figures 8 -11 all show non-self-similar scaling of the PDFs with increasing temporal separation. The variation of the PDFs with temporal separation presented here is similar to the results of Sorriso-Valvo et al. [1999, 2001] , which examined PDFs of solar wind flow and magnetic field fluctuations across much larger-scale sizes than this study, but did not give the kurtosis associated with each distribution. The PDF scaling observed in this study is also similar to the scaling of PDFs for flow fluctuations observed in fully developed turbulent shear flows created in a laboratory system [Anselmet et al., 1984; Castaing et al., 1990] .
[56] Within the lobe regions the kurtoses are generally less than 6.3 for all temporal separations. We do not believe that the lobe regions are turbulent but we have determined the kurtosis in the lobes as a means of comparison with plasma sheet distributions.
[57] In another approach to the analysis of the PDFs of the magnetic field fluctuation we applied the scaling function outlined in Hnat et al. [2002] and given in equation (1). In the case that the fluctuations are monofractal, the rescaling of the PDFs should produce a single master curve. We found (Figure 13 ) that the rescaled PDFs do not lie on a single master curve in the plasma sheet. As we pointed out in both section 4.3 a single scaling exponent did not appear to be present in log-log plots of P(0, t) versus t. This observation is consistent with the results from the multifractal analysis, which demonstrate that the scaling exponent is a nonlinear function of p.
Multifractal Analysis
[58] We tested anomalous scaling by use of equation (2). That test led to the conclusion that the fluctuations have properties similar to those found in the solar wind that are attributed to the presence of turbulence.
[59] Lui [2001] examined the multifractal nature of substorm-associated magnetic turbulence in the magnetotail at kinetic scales. His study shows that the scaling exponentials for the square of the magnetic field fluctuations for all three components in the VDH coordinate system are nonlinear as a function of the moment order and that this nonlinearity varies with the distance from the neutral sheet. We found a similar variation in the intermittency coefficient with distance from the center of the plasma sheet. Lui states that his results provide evidence of cross-scale coupling and reorganization of auroral and magnetospheric phenomena, which support substorm models with multiscale processes such as the current disruption model. However, it is not clear if this study is restricted to times when the spacecraft was located within the plasma sheet.
[60] Our results also are similar to but not easily compared with the results previously observed when examining solar wind magnetic field fluctuations [Burlaga and Klein, 1986; Burlaga, 1991a Burlaga, , 1992 . Burlaga [1992] determined the s(p) data to be well fit with a cubic polynomial for values of p between À15 and 15. Similar multifractal results are observed within the solar wind velocity fluctuations. Burlaga [1993] and Tu and Marsch [1995] have shown that the s(p) function determined from solar wind velocity fluctuations is also nonlinear. None of these studies, except Burlaga [1993] , evaluated the intermittency coefficient associated with the scaling exponential functions. Burlaga [1991c Burlaga [ , 1993 found intermittency coefficients of 0.28 ± 0.27 and 0.19 ± 0.02, respectively, from multifractal analyses of solar wind velocity fluctuations. These values are similar to those obtained in this study. The intermittency coefficients found in this study determined from the scaling exponential functions varied from 4Á10 À4 to 0.265. [61] Vörös et al. [2003] have reported on the multiscaling properties of the magnetic field fluctuations within bursty bulk flow regions. They examined the Hölder exponent, which is another measure of the ''strength'' of the burstiness, and the local intermittence measure at both small and large scales. From their analysis, Vörös et al. [2003] concluded that while the fluctuations are a multiscale phenomena, the observed transitory and nonstationary nature of the fluctuations associated with the bursty bulk flows prevents unambiguous support for a plasma sheet turbulence model.
[62] In a related study, Consolini et al. [1996] examined the structure of fluctuations in the auroral electrojet index and found them to be multifractal. The intermittency coefficient for the analysis is 0.400 ± 0.002. While it is interesting to compare the intermittency coefficient of Consolini et al. [1996] with our own, we do not expect to obtain the same values since AE is sensitive to fluctuations in the magnetic field vectors measured on the ground while our study examines fluctuations in the magnetic field data observed in the magnetotail. It would be interesting to determine the intermittency coefficient for conjugate ground and space based magnetic field observations to see if similar intermittency coefficients are present.
[63] All of these studies examine the multifractal nature of the magnetic field or flow fluctuations, but none examine the multifractal nature in the MHD inertial region. Our multifractal analysis reveals nonlinear scaling exponentials for the magnetic field fluctuations observed in the plasma sheet region suggesting that the plasma there is intermittently turbulent. The strength of this intermittent turbulence is characterized by the intermittency coefficient, which is largest in the CPS region during moderate to active times. The value of the intermittency coefficient decreases with increasing distance from the center of the plasma sheet (i.e., in the NPS and SPS regions) and with decreasing AE activity.
[64] We have stated that we expect the magnetotail lobe regions to be nonturbulent and the PDFs of the magnetic field fluctuations appear to support this idea. However, the intermittency coefficient determined for the lobe regions is nonzero within the uncertainty. In fact, the coefficient is larger than some values determined within the NPS and SPS regions. The nonzero coefficient may suggest that these regions are multifractal in nature, but the values determined in this study are considerably lower than any previously reported values. Furthermore, there is no evidence for the presence of strong instabilities in the lobe regions to generate turbulent fluctuations. As an additional check, we generated a times series of 100,000 points of normally distributed random fluctuations with approximately the same amplitude and uncertainty as those in the plasma sheet. The intermittency coefficient for this time series was calculated to be zero within the uncertainty. We hypothesize that solar wind and plasma sheet activity drives the lobe regions and generates some of the lobe fluctuations, but further works needs to be done to confirm this hypothesis.
Autocorrelation and Dynamic Cross Correlation
[65] Finally, we looked at dynamic autocorrelations of data from a single spacecraft and compared them with the cross correlation of data measured simultaneously at two different spacecraft. By using data from both 2001 (mean spacing near 1,000 km) and 2002 (mean spacing near 5,000 km), we found that the cross correlations for the long and short spatial separations were significantly different. With short separations, the cross correlations were indistinguishable for all pairs of spacecraft and were very similar to the autocorrelations. With large separations, differences among the cross correlations for different spacecraft pairs were intermittently observed. This suggests that when the separation between some pairs of spacecraft exceeded the typical size of the turbulent eddies the correlations were absent, but when the spatial separations between spacecraft pairs was smaller than the scale of the turbulent eddies some correlation was present. These results are consistent if we assume that one can apply the ''Taylor hypothesis'' to the plasma sheet despite the fact that flows are sub-Alfvénic. However, we point out that the dynamic cross correlation never truly separates temporal fluctuations from spatial fluctuations because the dynamic cross correlation is based on use of a short window to sample the time series.
[66] During the 2002 plasma sheet crossing season some dynamic cross correlations showed few correlation coefficients above 1/e (see the bottom panel of Figure 19 at approximately 0810 UT), which means that the turbulent eddies were occasionally as small as $0.8 R E . For all four cases the autocorrelation and cross correlation results show that the eddy scale sizes are consistent with the work of Borovsky et al. [1997] and Neagu et al. [2001] , who found eddy scale sizes from about 4,000 km to 10,000 km. The mean eddy scale size found in this study is 6,000 km.
Summary and Conclusions
[67] This study has shown that the magnetic fluctuations are consistent with expectations for an intermittently turbulent MHD fluid. Spectral indices near À2 were typical, but a value of À1.56 was found for the approximately azimuthal component in the CPS. We speculate that plasma sheet motion contributes to the B 1 and B 3 fluctuations (roughly radial and north-south) and that the value of À1.56 found for the B 2 component may provide the most meaningful approximation to the spectral index in the plasma sheet frame. It is interesting that the value is close to the À1.5 expected for MHD plasma turbulence [Kraichnan, 1965] .
[68] The normalized PDFs of the magnetic field fluctuations clearly indicate a significant variation in the kurtosis over a large range of temporal scale sizes. The kurtosis tended to decrease from large values at the dissipation range (smallest scale sizes) to values close to 3 at large-scale sizes (larger than eddy scale sizes) in the inertial range of the fluctuations. The kurtosis is )6 and generally largest at small scales (heating scales) in the plasma sheet, %3 at large scales (convection scales) in the plasma sheet, and generally <6 at all scales in the lobe. The kurtosis remains fairly large (3 < kurtosis < 7) even at convection scale sizes within the central plasma sheet. Scaling behavior of PDFs in the plasma sheet is similar to that found for the solar wind [Sorriso-Valvo et al., 1999 , 2001 and similar to what is observed in intermittent turbulence [Carbone et al., 2002] .
[69] Attempts to rescale the PDFs to a single master curve using the method outlined by Hnat et al. [2002] were not successful. This suggests that the magnetic field fluctuations are not monofractal as a constant scaling exponential would suggest, but rather that the fluctuation are multifractal. This result is supported by the findings presented here from multifractal analysis.
[70] The scaling exponential functions constructed for the different plasma sheet regions are similar to the turbulent magnetic field fluctuations reported by Lui [2001] at kinetic scales, similar to the scaling exponential function for the AE index data of Consolini et al. [1996] , and similar to solar wind magnetic field multifractal structures [Burlaga and Klein, 1986; Burlaga, 1991a Burlaga, , 1992 . In these cases the scaling exponential functions are determined to be nonlinear as a function of the power of the ensemble average, p. The intermittency coefficients determined from the scaling exponential functions ranged from 4Á10 À4 to 0.265. The coefficients are largest in the CPS region during periods of moderate to active AE and smallest in the NPS and SPS regions. Furthermore, the intermittency coefficient values are nonzero in the lobe regions possibly due to driving from the plasma sheet and solar wind.
[71] Finally, the eddy scale sizes were determined through autocorrelation and dynamic autocorrelation. The mean eddy scale size was identified to be as about 6,000 km with a mean autocorrelation cutoff time of 230 s for the August 15, 2001, event. However, for all four events the mean cutoff time was 900 s. During periods of nominal flow this translates to eddies on the order of 27,000 km, but, as was shown in section 4.5, the eddy scale size varies significantly with the correlation cutoff time and flow speed. Nearly all eddies easily fit within the plasma sheet and some eddies marginally fit except for several seconds of data. The autocorrelation results for 2001 with spacecraft separations of 1,000 km are consistent with cross correlation results determined in 2002 when the spacecraft spatial separation increased to 5,000 km. The eddy scale sizes are also consistent with the work of Borovsky et al. [1997] and Neagu et al. [2001] , who found eddy scale sizes from about 4000 km to 10,000 km. An examination of individual components of the field indicates that eddies are oblong with the longest length in the parallel magnetic field direction that is generally oriented along the tail axis with the smallest length in the z direction.
[72] The similarity of the quantitative results of this study found for the magnetotail with those found for the solar wind leads one to ask whether the fluctuations of the plasma sheet magnetic field are directly driven by the fluctuations in the solar wind. Our analysis raises this question without providing the answer. Figure 15 . The spacing between the spacecraft is about 1000 km within the CPS, which is generally smaller than the turbulent eddy scale size. As a result, the dynamic autocorrelation and cross correlation panels look nearly identical. Figure 19 . The format of the panels is the same as in Figure 18 . Data were acquired within the CPS, and the interspacecraft separation was about 5,000 km, which is close to the turbulent eddy scale size. As a result, the dynamic autocorrelation and cross correlation panels show dissimilarities. For example, the cross correlation between C1 and C3 (third panel) is visibly different from the autocorrelation panel (top panel) at about 0500 UT.
